Two-dimensional molecular recognition studies of the six polyaromatic hydrocarbons that can be formed from the combination of four benzene rings: tetracene, pyrene, 1,2-benzanthracene, 3,4-benzphenanthrene, triphenylene, and chrysene were explored for each of these six molecules interacting with six different graphene layer site-specific nanopores. Computational studies were done for the gas phase adsorption on single layer graphene, bilayer graphene, and six molecule-specific graphene bilayer nanopores. Molecular mechanics MM2 parameters have been shown previously to provide good comparisons to experimental adsorption energies for aromatic hydrocarbons adsorption on graphitic surfaces. These binding energies are dominated by van der Waals forces. Just as a jigsaw puzzle hole can accommodate only a specific piece, two-dimensional shape specific sites were created in the top layer of a graphene bilayer to match each one of the six adsorbate molecules. The purpose of this study was to examine the molecular recognition possibilities of site specific adsorption in these simple two-dimensional nanopores based on dispersion forces and molecular shape. For example, triphenylene has a calculated surface binding energy of 24.5 kcal/mol on the graphene bilayer and 30.2 kcal/mol in its own site specific pore. The interaction energy of this molecule in the other five sites ranged from 17.6 to 23.8 kcal/mol. All the molecules tetracene, pyrene, 1,2-benzanthracene, triphenylene and chrysene had higher binding energies in their matched molecule bilayer sites than on either single or double layer graphene. In addition, each one of these five molecules had a stronger binding in their own shape specific (puzzle-ene) site than any of the other molecular sites. The results suggest that two-dimensional molecular recognition based on shape specific pores may allow selectivity useful for applications such as sensors, separations, nanofabrication, or information storage.
Introduction
The role of three-dimensional recognition through covalent and noncovalent interactions and the subsequent transformations of molecular structures are key features of enzymatic and other biological nanosystems. We wish to explore an extremely simple system of molecular recognition by allowing only for noncovalent van der Waals forces within a two-dimensional bilayer graphene surface and a "carved out" site shaped to match one of six target polyaromatic hydrocarbon (PAH) molecules. When a traditional two-dimensional jigsaw puzzle is complete except for the last piece, there is a unique site that can "recognize" or fit only a specific piece. By analogy, we wish to explore the computational fitting of a set of flat PAH molecules into sites where each site is designed to specifically fit one molecule.
Single and bilayer structures of graphene exhibit unique and useful properties [1] [2] . Single and bilayer graphene can function as molecular sensors as demonstrated by practical applications [3] [4] [5] [6] [7] and theoretical calculations [8] [9] .
In prior work the ability to predict single and multilayer graphene binding energies for a variety of organic molecules was demonstrated using MM2 molecular mechanics parameters [10] . MM2 parameters have been used to estimate the binding energies of organic molecules on carbon surfaces [11] [12] [13] .
Force field calculations do not reference electronic behavior but can determine minimum energies and optimized molecular geometries [14] .
Organic molecule-graphite interaction energies have been determined from thermal programmed desorption (TPD) and gas-solid chromatography (GSC).
TPD experiments involve multilayer or monolayer desorption and include molecule-molecule interactions [11] . However, many GSC determinations are based on low coverage, Henry's law adsorption for isolated molecule-surface interactions. In prior work experimental energies were tabulated and molecular mechanics MM2 calculations were used to compute molecule-graphite binding energies Ecal* for 118 organic molecules [10] . Also MM2 parameters and molecular mechanics calculations have been used to estimate molecule surface interaction energies on models of a flat plate surface, a parallel plate pore surface, and a double parallel plate (box-like) pore [15] .
The polycyclic benzenoid hydrocarbons that were considered for this analysis were created from among seven possible structures of four fused benzene rings.
The molecules examined were tetracene, pyrene, 1,2-benzanthracene, 3,4-benzphenanthrene, triphenylene and chrysene (see Figure 1) . A seventh possible four Figure 1 . The six polycyclic aromatic hydrocarbons formed from four benzene rings in various fused combinations have shapes that roughly resemble the letter used for each molecule: tetracene (I), pyrene (O), 1,2-benzanthracene (r), 3,4-benzphenanthrene (U), triphenylene (Y) and chrysene (Z). Calculations were based on molecular mechanics using MM2 parameters.
ring molecule, 10H-benzo[de]anthracene, was not used due to its lack of aromaticity Two dimensional site-specific nanopores were created for each of the six molecules used (see Figure 2 ).
There is ongoing interest in the interaction of PAHs and other adsorbates on two-dimensional surfaces. The adsorption of PAHs on graphene and graphene oxide nanosheets has been characterized by a variety of spectroscopic and visualization techniques including XPS, FTIR, Raman, SEM, and TEM with stronger adsorption of PAHs to graphene than graphene oxide observed [16] . Scanning tunneling microscopy (STM) imaging of the PAHs benzene, coronene, and hexabenzocoronene on a graphene layer have resulted in images of molecular struc- Figure 2 . Site specific nanopores were created for each molecular shape by first removing carbons in the graphene layer that match the carbon atoms in the target molecule, by second removing surface carbons in locations analogous to the hydrogens in the molecule, and by third removing graphene layer carbons bonded to the previously removed carbons in step two. The nanopores are formed in one layer of a bilayer structure. Only the center portion of the layer around the two-dimensional opening is shown. To make it easier to view, not all 432 rings in a graphene layer are shown, and the bottom layer of graphene is not shown. Calculations were based on molecular mechanics using MM2 parameters.
tures and self-assembles of molecules [17] . Molecular superstructures determined by intermolecular interactions on a surface with templated guided growth have been imaged by scanning tunneling microscopy (STM) [18] .
Theory
A molecular mechanics MM2 force field calculation for the energy required for desorption is ( )
where E m is the energy of an isolated gas phase molecule, E s is the energy of the isolated surface adsorbent material, and E ms is the energy of the molecule and solid surface system where the molecule on the surface represents the adsorbed state [10] . The adsorption energy is simply the negative value of ∆E as written above. Either a positive desorption energy or negative adsorption energy represent favorable binding energy of the molecule in its attraction to the surface. All binding energies in this work are reported as positive values.
In calculations for graphite 90% or more of the van der Waals (vdW) interaction is due to the first layer, 9% or less due to the second layer and only 1% or less due to the third layer [11] . Molecular energy calculated from molecular mechanics is a sum of covalent and noncovalent energies. In this work all binding energies are reported as positive values and the van der Waals interaction energy, E vdW , from molecular mechanics is the primary contributor to molecule-surface binding.
Previously binding energies for DNA/RNA nucleobases adsorbed graphene were calculated [19] . These force field MM2 calculations gave values between those reported from Moller-Plesset perturbation theory which were reported to overestimate and the values from density functional theory (DFT) which were reported to underestimate the values [19] .
MM2 parameters used to calculate molecule-surface binding energies compa- 
Analysis
Initially molecular mechanics MM2 and MM3 calculations were performed with Scigress software (Fujitsu) with the geometry optimized in mechanics using augmented MM2 and MM3 parameters. The graphene model surface consisted of one layer of 432 benzene rings with no hydrogen atoms.
Calculations were performed to determine the energy required to separate the molecule from the surface. For neutral organic molecules on a graphene surface, vdW changes dominate. A molecule placed on a graphene surface closer than the expected optimal distance and oriented with benzene rings of the molecule directly above the benzene rings of the surface layer of graphene is pushed to the optimal distance from the surface. The isolated molecule and isolated surface structure energies were determined and Equation (1) used to find ∆E.
Before any calculations regarding the two-dimensional nanopores were performed, we explored some of the parameter options for MM2 and MM3 molecular mechanics. The parameters that were investigated were: MM2 or MM3, effective of increasing layers of graphene, and vdW cutoff value.
Calculations using Equation (1) gave values for benzene-surface interactions for MM2 2-layer and 3-layer graphene of 9.4 and 9.4 kcal/mol and interactions for MM3 2-layer and 3-layer of 10.6 and 10.8 kcal/mol, respectively. These values may be compared to an experimental datum based on gas-solid chromatography that found that the experimental adsorption energy, E*, of benzene on graphite was 4474K or 8.9 kcal/mol [20] .
A comparison to computed values for MM2 2-layer and 3-layer graphene gave results that were both higher than the experimental value by 6.0%. MM3 2-layer and 3-layer graphene gave results that were higher than the experimental value by 19% and 21%, respectively. This observation along with prior results utilizing MM2 to calculate the binding energies on graphitized thermal carbon black (GTCB) for a data set of 118 organic molecules [10] The other parameter that was explored was the van der Waals cutoff value.
The normal default vdW cutoff value of 9 angstrom (0.9 nm). This distance means that the van der Waals interaction will be considered in calculating energies if the interactions occur within 9Å internuclei separation. To determine if this distance was adequate, calculations were performed using 1, 2, 4, 6 and 8 layers of 432-ring graphene with Van der Waals cutoff distances varied between 7, 8, 9, 12 and 15Å. After all calculations were performed it was deemed that 9Å
would be an adequate vdW cutoff value. Using a cutoff value of 9Å on 1 layer of graphene yielded on average only a few percent error when compared to experimental values [10] .
Once the parameters for calculations were chosen, a standard procedure for creating the flat nanopores within one graphene layer of the bilayer structure was used. The pore creation approach can be described for benzene. The first step is to remove six carbons in the shape of a benzene ring from the center of the top layer of a two-layer 432-ring graphene surface. Second six more surface carbons are removed in locations analogous to the hydrogens in the benzene.
Third, each surface carbon that is attached to the previously removed carbons must also be removed and this gives 12 more removed atoms. Thus a flat pore for a single benzene molecule requires the removal of 24 carbon atoms from a graphene layer to create a suitable molecule specific shape site.
Once a method was established for creating site-specific nanopores, it was necessary to decide what molecules would be used, create them, and create site-specific nanopores for each one. As mentioned previously, it was decided that the molecules to be used would be the six possible arrangements of four benzene rings that remain aromatic. 10H-benzo[de]anthracene, was not used due to its lack of aromaticity. The six molecules used were tetracene (molecule shape (see Figure 1 ).
Site-specific nanopores were created for each molecule (see Figure 2 ). Each one layer deep nanopore was abbreviated according to the letter of the molecule that fit in the nanopore. These nanopores were created as previously described in the approach for benzene. The overall structure consisted of two graphene layers, with the top layer having the necessary carbons removed from a 432 ring graphene and the bottom layer being a complete of 432-ring graphene layer. In the interest of easier visualization Figure 2 shows only the center portion of the layer around the two-dimensional opening and not all 432 rings in the structure.
Also to make it easier to view, the bottom layer of graphene is not shown.
Each two-dimensional site was large enough so that when mechanics calculations were run the entire molecule stayed in plane with the top graphene layer, but not so large that there was extra space between the molecule and the graphene layer when viewed in space-filling mode (see Figure 3) . If the surface pore was too small or did not fit well then then a molecule initially placed into the open area could be pushed at least partially out of the plane of the top graphene layer and the interaction energy significantly reduced due to this poor fit or lack of "molecular recognition" (see Figure 4) . 
Results and Discussion
After parameters were chosen, molecules selected, and the molecule site-specific nanopores created, MM2 calculations were run to determine desorption binding energies, ∆E, which as noted earlier were primarily due to vdW interactions. ∆E values were found for each of the six molecules on both the single layer graphene and unmodified bilayer graphene (see Table 1 ). Each graphene layer consisted of 432 carbon rings. Also ∆E values were obtained for each molecule placed into its site-specific nanopore (see Table 1 ).
Molecule U goes out plane and so is not flat and therefore behaves differently than the other five molecules. Each of the six molecules were placed one at a time into each of the six possible adsorption sites. Obviously one site was specific for the molecule and other five sites were not specific to that molecule. Desorption energies, ∆E values, were determined for each molecule in each of the six sites (see Table 2 ). Note that for molecules I, O, r, Y, and Z the desorption (or binding) energies for each molecule in non-specific surface sites were clearly lower than the site specific ∆E.
These results indicated that each of these five planar molecules given thermodynamic equilibrium will preferentially distribute primarily to their site-specific nanopore over any other non-specific nanopore or over a flat uniform surface.
Molecule U was an exception to the above observation. Molecule U in site U had a stronger binding energy than sites I and Y. However, molecule U had a smaller ∆E for site U than molecule U in sites O, r, and Z. So this molecule binds more favorable in sites O, r, and Z.
In addition to working with site-specific nanopores, a method was developed for estimating adsorption energy on a single layer graphene surface. This was done by finding the energy per carbon and the energy per benzene for each of the six aromatic molecules adsorbed onto a single layer flat graphene surface. Our simple additivity method also was compared for the desorption energy of coronene C 24 H 12 . It was predicted using energy per carbon or per effective number of rings to be 30.24 kcal/mol. The reported experimental desorption energy was 32.30 kcal/mol [22] . An important difference, however, between the calculated and experimental energies is that the experimental energy includes adsorbate interactions at monolayer coverage, while our calculated energy was for a single molecule on the surface. Therefore, we expect that the coronene value should be higher for the experiment than our predicted value. 
Conclusions
The weakness of noncovalent vdW interactions presents a general challenge for more exact quantum mechanical methods and density functional theory (DFT)
calculations. Tauer and Sherrill examined π-π interactions for benzene dimers and trimmers and found that MP2 calculations with small basis sets tended to have cancelling errors. By allowing these errors to offset each other they were able to find interaction energies close, few tenths of kcal/mol, of a complete basis set couple cluster CCSD(T) limit [23] . For large surface areas, and larger or multiple molecules, force field calculations can provide a quick and useful estimates of molecule-surface binding energies.
Simpler non-quantum mechanical calculations based on classical molecular mechanics continue to be of use to estimate molecule-surface binding energies based on weaker dispersion forces. This molecular mechanics approach does not provide any electronic details but it is a useful, computationally simple approach to study molecule interactions on carbon surfaces and should be helpful to predict how strongly various molecules may be held on surfaces or in vdW binding sites.
Molecular recognition is of vital importance in biological nanosystems
whether it is a molecular substrate fitting into an enzyme active site or base pairing in DNA [24] . In these and many other cases, recognition means favorable interaction or binding. Small difference in binding preferences can give rise to large differences in population differences through the Boltzmann factor exp(−E diff /RT) where E diff is the energy difference between molecular binding energy in two different sites. range [24] .
There is a recent and excellent review (432 references) on the general topic of supramolecular structures and interactions at the vacuum-solid interface [25] . A summary of the forces and interactions that may be present and how they manifest themselves in self-assembly is given. Their discussion includes the role of vdW forces and π-π interactions between molecules and surfaces which is relevant for our work presented here. They provide an overview of the strengths of the wide variety of other molecule-surface interactions and molecule-molecule interactions that guide the assembly of two-dimensional molecular structures on surfaces. Many self-assembled structural examples are presented [25] . Self-assembly can create repeated flat pore structures.
This work illustrates in principle how molecules such as tetracene (I), pyrene (O), 1,2-benzanthracene (r), triphenylene (Y) and chrysene (Z) could be used with two-dimensional bilayer graphene pores for site specific "puzzle-ene" adsorption. Binding energy values in these force field calculations should be considered only as representative of the effect that would be observed and not exact.
Two-dimensional molecular recognition may play a role in molecule storage, sensors, separations, nanofabrication, or information storage.
